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SUMMARY 

To select specific antibodies (Ab) from large recombinant libraries using small amounts of antigen, we have constructed 
a phagemid that expresses a single-chain Ab fused to pill, a coliphage protein product of gene/// that initiates infection 
by binding to F pili. Surprisingly, the production of the fusion protein (Ab::plll) was induced by wild-type (wt) phage fd 
in the absence of IPTG. Ab::pIII was identified by a monoclonal Ab to an epitope in the linker sequence between the heavy 
and light chains, and by antisera to their N-terminal sequences. It is able to bind antigen and be assembled into infectious 
phagemid particles that can be enriched on columns of immobilised antigen. The phagemid DNA is even smaller than that 
of wt fd phages and can easily be propagated in plasmid form. Most importantly, its Ab::pIII-encoding gene can be tightly 
repressed so that Ab libraries can be amplified without risk of being dominated by deletion mutants. After induction, however, 
large quantities of the fusion protein can be produced, thus greatly facilitating its analysis. 



INTRODUCTION 

Plasmid and phage Ab libraries have been established in 
Escherichia coli from PCR-amplified immunoglobulin fami- 
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resistance-resistant; RBS. rtbosome-binding site; scAb. single chain Ab; 
Tc. tetracycline: wt. wild type; ( \. denotes plasmid-carner state; ::. novel 
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lies following immunisation. Immunogen-reactive recom- 
binant Ab were selected by an ELISA of the bacterial 
supernatant from isolated bacterial colonies (Ward et al., 
1989) or by screening nitrocellulose plaque lift-ofTs of bac- 
terial colonies for reactivity to the radioactively labeled 
immunogen (Huse et al., 1989; Caton and Koprowski. 
1990; Mullinajc et al., 1990). However, for the selection of 
specific Ab from randomly combined light and heavy chain 
libraries of nonimmunised animals that do not contain a 
preponderance of Ab to a particular antigen, a procedure is 
required for screening millions of Ab-producing bacteria. 

An elegant solution to this problem would be to attach 
recombinant Ab to the surface of bacteria or bacteriophages 
so that they could then be rapidly selected by antigens 
bound to a solid phase. Given the difficulties of targeting 
proteins to the cell surface of bacteria, an attractive can- 
didate in view of its small size and relatively simple genetic 
make-up is the M13 family of filamentous bacteriophages 
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r-'ie I pSEX. a surface expression phagemid tor Ab >ereeiiing. PO. promoter-operator: leader, signal peptide sequence of bacterial peeiate lyase; (7/ 
and 17.. heavy and light chain variable domains, respectively, of an anti-lysozyme Ab: la^-linker. oligo encoding 13 aa linking VH and VL thai include 
the epitope of ihc mAB VOL I . 3-*: trypsin deu\age sue. LysAsplleArg. This optional sequence permits proteolytic cleavage of the antibody domains from 
pill. sat. chloramphenicol acetyl transferase gene: f , and (-. transcription terminators: orj. origin of DNA replication for ColEl ; // IG. miergenic region 
of phage ilia) Construction. To provide the necessar> restriction sites, the oligos 5 -GC7TG A ATTCGG ATCCaTaGGGCCCTCT AG AGTCG AC and 
5 ' -A.-\TTGTCGACTCTAGAGGGCCC*TATGG ATC'CGAATTCaGCTGCA were 2' phoshorylated. hybridised and ligated to pUCI 19 that had been 
cleaved with Pti I *■ £*i i»Rl and dcphosphorylated. In an optional step to create a proteasc-sensinve sequence, the hybridised oligos 5 -GATCCAAAGA T- 
aTCvGaGGGCC and 5-CTCTGaTa TCTTTG -vere inserted between the Sam HI and A pa I sues of the first set of oligos. scAb-DN A 
^.^a^ then inserted between the /Viand BawHl mI;> followed by the bluni-end -ligation ni gene /// DNA after cleaving the phagemid with A pal :ind 
irc:itnii! with T4 DNA polymerase to remove j overhanging ends Phagemid pSEX was constructed by combining the multiple cloning site of pL : HE24-2 
w ith ;hc eioscty related phagemid pDS.? I • I that contains an additional fl intcrgenie region ( IG M Bujard et al.. WS7: Miiller. I^X^i ThcpDS3l-l sequence 
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■ i. u - re\ ie\\ s see Webster and Lopez. 1^X5: D;t> ci al.. l^KN: 
Snmh. Their DNA is enclosed in a tubular array of 

ijiprux. 2700 coat proteins encoded b> gene 17// (Newman 
a al.. l l >"). In addition, about five copies each of gene 
products VI [ ;md IX are present at one end of the phage 
.nut about five copies each of gene products III and VI at 
the other end (Simons et al.. 1 9S I : Grant el a!.. 19SI). 

Protein, pi II is a relatively flexible and accessible mole- 
cule composed of two functional domains: an N-terminal 
domain that binds to the F pilus of male bacteria during 
infection and a C-termina! domain buried within the virion 
ihai is important for morphogenesis (Gra> et al.. 19X1: 
\rmstrong et al., 1981; Crissman and Smith. 1984). Pep- 
tides can be inserted between the two domains of pi 1 1 
(Smith. 1985) or near the N terminus (Parmley and Smith. 
1988) without destroying its functions in morphogenesis 
jnd infection. After much pioneering work on the use of 
pill in fd phages for carrying foreign peptides. Parmley and 
Smith (1988) showed that peptide epitopes inserted at the 
N-tcrminal end could bind phages to immobilised anti- 
bodies. As a direct consequence of this work it has been 
possible to generate peptide libraries that can be easily 
screened for binding to ligands and antibodies (Scott and 
Smith. 1990: Devlin et a!.. 1990: Cwirla et al.. 1990). 

In an analogous approach. Ab have been attached to the 
surface of fd phages by inserting Ab DNA into the 5' end 
of gene/// (McCafTerty et aU 1990). Alternatively, DNA 
ci>ding for Ab-pIII could be incorporated into a phagemid. 
A major advantage of this latter system would be the ability 
to propagate the Ab-DNA in plasmid form under condi- 
tions where its expression is tightly repressed. The risk of 
Ab libraries being dominated by deletion mutants would 
then be greatly reduced. Fusion phage, for example, have 
been shown to be mainly useful for displaying relatively 
small inserts, probably because the larger inserts have an 
adverse effect on the infectivity function of pill {Parmley 
and Smith. 1988). Furthermore^ Ab::pIII can be produced 
in much higher amounts than in the phage system, thereby 
facilitating the analysis of isolated clones. The smaller 
phagemid s should also be able to transform E. cult with 



higher efficiencies than phage DNA and might be expected 
to dissociate less easily from immobilised antigens. Here, 
we describe a phagemid system for the surface expression 
of a functional scAb. 

RESULTS AND DISCUSSION 

(a) Construction of surface expression vector ipSEX) 

DNA coding for a sc.Ab and pill were cloned into 
pUCl 19 after insertion of a specific set of restriction sites 
and a protease-sensitive joining sequence into the multiple 
cloning site. The Ab DNA coded for the heavy and light 
chain variable domains of a humanised Ab against hen 
egg-white lysozymc (a kind gift of Dr. G. Winter) derived 
from the anti-iysozyme Ab D1.3 (Amit el al.. 19S6: 
Verhoeyen et al.. 1988). These domains were joined b> an 
18-aa linker sequence containing the epitope for the mAb 
YOLL'34 (Breitling and Little. 1986). thus enabling the Ab 
to be identified. To provide a more flexible junction to pill, 
the 3' end of the light chain DNA was modified by the 
addition of nt coding for the first 6 aa on the human k 
constant domain followed by a BamH\ restriction site. 
Gene /// DNA was amplified from the bacteriophage M 13 
using primers corresponding to the 5' and 3' ends of 
gene///. The Ab::pIII-encoding DNA was then cloned 
into a phagemid of the pDS family that contains a eoliphage 
T7 promoter combined with two lac operators (Bujard 
et al.. 1987; Lanzer and Bujard. 1988; Mailer. 1989). In a 
final step, DNA coding for the leader sequence of the 
bacterial enzyme pectate lyase was ligated to the 5' end of 
the Ab-encoding DNA resulting in the phagemid pSHX 
(Fig. la). The leader, linker and PGR primer sequences arc 
shown in Fig. lb. An alternative linker sequence (Fig. 1c) 
with the YOL1 34 epitope placed at the* end of the linker 
containing a useful restriction site for the insertion of Ab 
libraries was also employed. Although both of these tag- 
linkers contain a significant number of acidic aa residues, 
they appeared to have no effect on the production of 
functional scAb when compared to scAb with linkers com- 
posed only of the neutral aa. Gly and Scr (data not shown >. 



cuends from \hu\ anticlockwise to a tfmdlll mw (in parentheses) that was lust after a blunt-end ligation. Plasmid pUHE24-^ is es.senualh identical 
i«> pDS6 ( Buprd ct al.. 1987 > with a eoliphage T~! promoter combined with two lac operators and an RBS ( PA I IW 03, Lanzer and Bujard. IVSS: Lanzer. 
I^SX). The resulting phagemid was cleaved with Himilll and the 5 overhanging ends were filled-in with Pollk. After a further digestion with Pwf. the 
/'w [-///well Ah-flf DNA fragment was inserted into the phagemid. In a final step, synthetic DNA coding for the leader sequence of the bacterial enzyme 
iveiate l>ase and for the first four aa of the heavy chain '\as inserted between the Scol and Pstl restriction sites. Plasmids pL'HE were propagated m 
7 1 • IK{pDM 1 1 that expresses /tic repressor: pUC plasmids were propagated in DH5i. and the Ab::pHI fusion protein was produced in JMMM 
;hi Sequence of the RBS. signal peptide sequence of the bacterial /vciatc /yase {pelB lender) in Erwmia carotovora. we-tinker and the PCR primer-, th.u 
Acre used to amplif\ gene /// from phage MI3. Underlined aa indicate the i-tubulin epitope for mAb YOLl 34. Subsequent aa in the linker sequence 
■ :re .i continuation of the sequence in i-tubulin after the epitope. Nucleotides are numbered starting from the \'h»\ site. Ici Alternative tag-linker sequence 
.I'luatnine a useful restriction sue t HuniWX) for the insertion nf Ah lihrnncs. Underlined aa indicate the i tubulin epitope for mAb VOL I *4 Preccdiue 
m im the linker sequence arc a continuation of the heav> chain Ah sequence from the end of the variable domain into the constant domain. In contrast 
I te. Ih. the i-lubulin epitope is at the end of the linker sequence. Neither of the linkers appeared to have an> effect on the production of scAb when 
compared to linkers composed of nnl> the neutral aa Scr and Gly 
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lb) Synthesis of the Ab-pMI fusion protein 

To test whether the completed phagemid vector was able 
to express the full-length fusion protein. 100 /iM IPTG was 
added to a log-phase culture off. c»/i [pStXJ. The culture- 
showed ;i marked decline in its growth rate compared to the 
control indicating a significant synthesis of phagemid- 
encoded protein. On Western-blot analysis. Ab::plll was 
identified b> three Ab. a monoclonal antibod> to part of the 
linker sequence f EEGEFS EAR) and two anti-peptide rab- 
bit sera against N -terminal sequences of the heavy and light 
chains. It migrated as a 93-kDa protein (Fig. 2). The large 
si/.e of the fusion protein (predicted M t 6S 100) is most 
probabl> due to the pill component (A/ r 42 100) that 
migrates as j 55-70-kDa protein (Goldsmith and 
Konigsberg.' 1977). Partial proteolysis of the fusion protein 
was indicated by the presence of some minor bands of lower 

-VZ-tharwere identically stained by-all-three- Ab. 

Cell fractionation showed that the protein was present in 
the cytoplasmic and membrane fractions but not in the 
periplasm and culture supernatant (Fig. 2. lanes 3-6) in 
contrast to the Ab component alone without pi II that was 
secreted into the periplasm and medium (data not shown). 
This was not surprising since pi II is assembled onto phage 
particles from the inner bacterial membrane, a process that 
appears to be dependent only on the C-tcrminal domain. 
Deletion mutants of pill without this domain pass into the 
periplasm without becoming attached to the cytoplasmic 
membrane (Boeke and Model. 1982) and normal phage 
particles are not assembled (Crissman and Smith, 1984). 
The anchor sequence is probably a hydrophobic stretch of 
2? aa at the C terminus (Davis el al.. 1985). 

The ability of the fusion protein -to bind antigen was 
investigated by passing the Triton X- 100-soluble fraction 
over a column of lysozyme bound to sepharose. Western 
blots of the unbound material and the fractions obtained 
after thoroughly washing and eluting with 0.05 M diethyl- 
amine showed that the full-length fusion protein was indeed 
specifically retained on the lysozyme column (Fig. 2. 
lanes 7-12). 

(c) Packaging of the pSEX phagemid 

To determine whether the phagemid expression vector 
could be packaged. £. coli [pSEX] were multiply infected 
with phage fd. IPTG was not added since it was found to 
have an inhibitory effect on phagemid packaging. A similar 
finding was recently reported by Bass et al. (1990) who 
constructed a phagemid that expresses a fusion protein of 
human growth hormone and the C-terminal domain of pill. 
Examination of Ab::pIII production with and without 
IPTG after adding phage fd showed that the phage alone 
was able to induce expression (Fig. 3). A possible explana- 
tion is that one of the phage gene products interferes with 
the binding of Lie repressor to the operator. Alternatively. 
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Fig. inducibility. cellular localisation and antigen binding of the 
Ab::ptll fusion protein analysed by gel electrophoresis on l). I '..SDS 3\ 
polyacrylamidegeis and Western blotting. Lanes: I and 2. total cells after 
Ih induction with 100 IPTG (1) or without IPTG (2). Lanes: 
3-6. cell fractionation: 3. culture supernatant; 4. periplasmic enriched 
fraction: 5. soluble cytoplasmic fraction: 6. I "„ Triton X-100 extract. 
Lanes: 7-12. lysozyme alTmity^hromaiograpriyof trie~l" ~Triton~X*l 00~ 
extract from induced and noninduced cells: 7. effluent ( * IPTG): 8. 
effluent (-IPTG); 9, last wash (-IPTG); 10. last wash ( -IPTG): 
II. eluate ( + IPTG); 12, eluate (-IPTG). Lanes 1-6 were stained using 
the mAb YOLL'34 iKilmartin, 1982; Serotec. Oxford. U.K.) and 
lanes 7-12 using an antiserum to the N-terminal sequence of the light 
chain. Methods. Ab to heavy and light chains were obtained by sub- 
cutaneous injection of rabbits with the N-terminal peptides 
QVQ LQQSGGGAC and DIQMTQSPSSaC. respectively, coupled 
to keyhole limpet haemocyanin. To investigate the expression of the 
fusion protein, the pelleted bacteria of lPTG-induced cultures were resus- 
pended in 30 mM Tris HCl pH 8.0, containing 20°, sucrose ! mM 
EDTA I mg per ml chick lysozyme and incubated for 10 min on ice. After 
centrifugmg for I mm at 12000 x g. the supernatant containing the 
periplasmic proteins was collected and the pellet was sonicated briefly in 
0. 1 M Tris • HCl pH 3.0. The soluble cytosolic fraction was decanted after 
centrifuging for 5 min at 12000 x g and the resuspended pellet was 
incubated in 1% Triton X-100 to obtain the membrane-bound fraction. 
All the fractions were analysed for ^-lactamase activity according to 
PlOcktrtun and Knowles ( 1987) to check the efficiency of the fractionation 
procedure. The Triton-soluble fraction was diluted 100-fold with PBS 
before applying to affinity columns. For affinity chromatography, chick 
lysozyme was coupled to CNBr-activated Sepharose (Pharmacia) 
according to the instructions of the manufacturer. The ]yso2yme- 
Sepharosc was incubated for 20 min at room temperature with the 
extracts and poured into columns that were subsequently washed with 
ten bed volumes of PBS, followed by I M NaCl. and 0.5 M NaCI in 0.1 M 
NaHCO, at pH 3.3. before eluting with 0.05 M diethylamine. All the 
fractions were precipitated with trichloroacetic acid (final concentration 
20",,) and resolved on 0.1°., SDS-8°„ PAGE ( Laemmli. 19"J0). Western 
blots were performed according to Towbin et al. (1979) using second Ab 
coupled to horseradish peroxidase with diaminobenzidene a* substrate. 

phage proteins binding to the intergenic region might affect 
the topology of the phagemid and cause the release of the 
lac repressor. Whatever the reason, we have found that 
moving the intergenic region 10 3 nt to the other side of the 
Ma gene has no effect on this phenomenon (data not 
shown). 

Agarose gel electrophoresis of the DNA from virus par- 
ticles secreted into the medium showed, in addition to the 
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I'ic. 3. Induction of Ab::pHI by infection with *t t"d phage. A logarithmic 
culture at £. i„u JM10l[pSEX] was incubated for 3 h with or without 
I P TG ur phage fd. respectively. Gel electrophoresis and Western blotting 
■•>i the total bacterial protein were performed as described in Fig. 2. 
\h::plll was detected using the anti-heavy chain serum. Lanes: 
1-3. without fd: 4-6 in the presence of fd phage (with a multiplicity of 
infection uf 50>: 1.4. tO^M IPTG: 2.5/4 pM IPTG: 3,6. without IPTG. 

>ingle-stranded DNA of fd. a larger quantity of smaller 
DNA thai was compatible in size with single-stranded 
pSEX {Fig. 4). Further proof of phagemid packaging and 
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t i-j 4 Gel electrophoresis of circular single-stranded pSEX phagemid. 
l.anes: I. fd: 2. control phagemid pUHE3l-l with fd; 3, pSEX with fd. 
Methods. DNA from fd virions and packaged phagemid panicles was 
•ipplied to 0.8**„ agarose gels in 0.09 M Tns-0.09 M borate.- 1 mM EDTA 
rH S.U according to Sambrook ct al. ( I989> and stained with ethidium 
bromide. For the preparation of packaged phagemids. £". t W; 
IM IOI|pSEXl was plated onto M9 minimal medium (Sambrook et al., 
! 1 >SS)) und incubated for 30 h at 37 : C. 2 ml of the same medium was 
iiincutaied with one of the colonies and incubated at 37 : C with vigorous 
-icration until it reached an A„ minm about 0.2 LB medium (0.5 ml; 
Sjnibruok ci at.. 1939) and a tenfold excess of phage fd were then added 
:«i the culture and it was incubated for a further 3 h at 3? : C. After 
careful!* ccntnfuging twice at 12 000 x g for 5 min at room temperature, 
i he supernatant was adjusted to a final concentration of-i" a polyethylene 
:;l>cnl iServa PEG 6000J.U.5 M NaCI and left to stand overnight at 4 : C 
I he phagemid> were scdimcnted by centnfugmg at I 2 000 * s> for 20 mm 
r<iom temperature and suspended in 200 I uf a Tns • EDTA buiTer 
I'M " 5. Phagemid DNA was prepared by shaking uuh I vol. of phenol 
:< * r Ifmin followed by treatment with chlorofurm-isopropanol and 
iveeipitaied .vith isopropanol l Sambrook el al.. |934). 



the production of infectious particles was shown b> infect- 
ing £. coti with the secreted virus particles. 10"' Ap K colo- 
nies /m! of E. coii were obtained compared to 3 * 10" ptu. 
Moreover, after growing one of the Ap R colonies in liquid 
culture, the addition of IPTG induced the synthesis of 
Ab::pIII (data not shown). 

To determine whether the packaged phagemid had incor- 
porated the A b : : p 1 1 1 fusion protein. 90 ul culture super- 
natant containing 5 x 10" packaged phagemids determined 
as Ap R transducing units was mixed with a 1000-fold excess 
of wt fd phage and passed over a column of immobilised 
lysozyme. After thoroughly washing with ten bed volumes 
each of PBS. 1 M NaCI and 0.5 M NuCl 0.1 M NaHCO, 
pH 8.3. the phagemid particles were eluted uith 0.05 M 
diethylamine. The eluate was neutralised with 0.5 M 
NaH.PO^ and assayed for the number of phages and 
packaged phagemids (Table I). A specific enrichment of up 
to 121-fold was achieved, thus demonstrating the incorpo- 
ration of functional Ab::pIII fusion proteins into phagemid 
particles. Bass et al. (1990; see above) obtained signifi- 
cantly higher enrichments of phagemid particles containing 
human growth hormone fused to the C-terminal domain of 
pi 1 1 after passage over immobilised receptors, most likely 
due to the higher affinity of hormones and receptors. The 
binding properties of the Ab-phagemid panicles, however, 
might be further increased by using a gene /// deletion 
mutant phage for packaging. This would ensure that only 
those phagemids coding for functional fusion proteins 
would be packaged and ail five pill molecules on a phage- 
mid particle would be fused to antibodies. 

McCafferty ct al. (1990) reported the assembly of an 
Ab::pIII fusion protein into an fd Tc K phage after inserting 
Ab DNA into the 5' end of gene HI. The phage remained 
infectious and could be enriched by afTinity chromato- 
graphy. A major advantage of the phagemid system 
described here, however, is that it can be propagated as a 
plasmid and is not under any selection pressure to remove 
Ab DNA, since the expression of the fusion protein is 
lightly repressed. This is particularly important during the 
amplification of Ab libraries when faster proliferating dele- 
tion mutants could quickly dominate. The phagemid DNA. 
being about half the size of the above phage DNA. should 
also transform bacteria more efficiently. Moreover, in con- 
trast to the above-mentioned phage system, large quantities 
of the smaller phagemid DNA are produced and large 
amounts of antibody protein are available after induction, 
thereby greatly facilitating its analysis. 

Expression olAbv.lll using pSEX and its packaging into 
viral particles should greatly facilitate the establishment of 
bacterial systems for the isolation of high affinity Ab. 
Millions of Ab-producing clones from Ah libraries can now 
be rapidly screened by binding to immobilised antigen. A 
further advantage over conventional screening methods is 
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Specific enrichment of packaged phagemids on an untieen affinity column 
Ph.fj-.iiinl Total Ap K colonics ' 

p.n:ic!e> \olume ! * — 

- ph:i;j-.". 1 inih Plated volume 1 ' Number Total 

(Ml) 

Ani-ix-d ID ID ! M S.I x- lU- 10 * -15 4.5x|0" 8S2 — 

i;iu:co l.l 10 ' 26 2.9 x 10* 10 : 19 :.l x lir 7.3 121 



' Hi.iecmids mired with a 1000-fold excess of wt fd phages. 

" Volume of sample applied to a column of immobilised lysnzyme and the volume eluted with 0.05 M diethylaminc. 

' Number off. vnli colonics resistant to Ap after infection with phagetnid particles from the applied and eluied samples. 

S.imple* were diluted and plated such that the given amounts of original sample were present per plate. 

1 Number of pfu on a lawn of E. coli after infection with phagemid and phage particles from the applied and eluted samples. 

' R.itio of ihe total pfu (phagemids -phages) in the applied and eluted samples to the total number of Ap K colonies iphagemids). 

- Enrichment of phaeemid particles over phage in the eluted sample. 



Total pfu" Excess' Enrichment 

pfu. Ap'* factor -" 

Plated volume*' Number Total 



ihat onl> small amounts of antigen are required, an impor- 
tant factor when the supply of a rare protein is limited. This 
system also offers the possibility of screening randomly 
mutated Ah to increase their binding affinities. The proce- 
dure could be repeated many times until the desired 
specificity is achieved. U should now be feasible for the first 
time to carry out large-scale differential screening analyses 
of related ceils and organisms. A subtractive selection, for 
example, using normal and neoplastic cells could be used 
to identify tumour-associated antigens. The phagemid sys- 
tem might also prove to be very useful for investigating the 
components of molecular interactions, e.g., by selecting Ab 
that inhibit ligand receptor binding. 
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